Abstract. Superelastic and ferroelastic behaviour of polycrystalline Nickel-Titanium Shape Memory Alloys have been extensively studied, mostly via uniaxial tension and compression, simple shear and more recently in combination of tension (compression)-torsion tests. This paper reports on a study of tensile tests and thin plate bulging tests of NiTi. The bulging tests were performed on a circular diaphragm in both superelastic and ferroelastic states at room temperature. Thermal and 3D kinematical full-field measurements were simultaneously conducted owing to the use of one Infrared camera and two visible cameras. The bulging loading creates plane tensile deformation state along the rim of the circular bulge specimen and equi-biaxial deformation state at the centre. In this region, measurements of the curvature radius and of the bulging pressure allow to determine the equi-biaxial stress values. Occurrences of deformation localisation during tensile and bulge tests are studied as function of the deformation mechanisms and of the type of loading. Experimental results are compared with simulated results onstitutive equation is implemented. The parameters of the law are determined from tensile tests on the two sheets and analysis of the equibiaxial deformation behaviour in the region close to the centre of the bulge specimens.
Introduction
As engineering components utilising the beneficial properties of shape memory alloys (SMA) become geometrically complex and as applications involve combinations of loading states, a full evaluation of the effects of stress state on stress -strain response of these materials becomes critical for the success of these applications. Such evaluation is required to establish reliable constitutive relationship to model the complex thermomechanical behaviour of SMAs. This paper reports on a study of the behaviour of NiTi sheets under biaxial loading conditions, in contrast to previous studies in tension, compression and shear tests [1] [2] [3] [4] [5] [6] .
Experimental set-up

Materials
Two commercial NiTi alloys were used, including Ti-50.2 at% Ni plates (alloy A, thickness 0.36 mm) and Ti-50.8 at% Ni plates (alloy B, thickness 0.11 mm). Transformation behaviour of the two alloys, as measured by means of differential scanning calorimetry (DSC), is shown in figure 1. For mechanical testing, alloy A was cooled in liquid nitrogen prior to the tes austenitic state at room temperature.
Tension tests
Tension tests were performed at room temperature T 0 = 288 K, at a constant cross head velocity = 3 10 -3 mm/s, on rectangular specimens of 50x5 mm in size for the two alloy sheets, with a gauge length of 30 mm. The tests were performed using an Instron 5569 conventional tensile testing machine at a mean strain rate of 10 -4 s -1 . Temperature, displacement and strain field were recorded during these tests [6] [7] [8] . Figure 2 presents nominal stress-strain curves (in dashed lines) of the samples.
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The specimen cross-section and the relative displacement of the two extremities of the specimen gauge length are determined from the displacement field. Thermal and kinematical fields revealed strong localisation effects for the two -like deformation behaviour [9, 10] for both the ferroleastic and superelastic behaviour. Tensile tests were performed on superelastic specimens cut in the rolling and transverse directions. As seen in (b), the alloy sheet exhibits some anisotropy effect. 
Bulge test
Experimental set-up
Bulge tests were carried out on square blanks of 80x80 mm in dimension, by forming a 60 mm diameter bulge as shown in figure 3a . The blanks were locked with a blank-holder and a draw-bead. The chamber between the blank and the punch was filled with water. A cylindrical punch of 60 mm in diameter moves upwards at a constant velocity of 0.2 mm/s [11, 12] to apply the pressure for the bulging.
Full field measurements
During the tests, pressure, temperature and displacement fields were recorded using the two visible cameras and the infrared camera, as shown in figure 3b . A random texture created by using white spray on a uniform black paint was coated on the NiTi plates to facilitate digital image correlation (DIC) and thermal measurements. Compatibility of such a texture for simultaneous infrared and visible observations was tested in [6] . An emissivity close to 0.95 is then expected. The infrared camera (CEDIP Jade MW III) has a resolution of 320x240 pixels and a thermal resolution of NETD=20 mK. Thermal images were recorded at a frequency of 10 Hz. 
Bulge tests-Results
Pressure-displacement
The experimental pressure apex displacement curves are presented in figures 4, in red dashed lines. 
Temperature and strain fields
Temperature measurements are presented in figures 5 and 6 for the two alloys. Figure 5a shows the temperature variation field =T-T 0 at t 3 =38s for alloy A and figure 6a shows the temperature variation field at t 5 =95s for Alloy B. Temperature variations at the apex points of the two alloys are plotted over time in figures 5b and 6b, respectively. In order to compare these evolutions, specific times have been selected in these figures. For Alloy A ( Figure 5b ) the first loading starts at time t 1 and finishes at time t 3 where the plate was unloaded. Then a second loading starts at time t 4 until failure at around time 80s. Temperature variations are correlated with these steps. It is noticeable that a weak decrease (about -0.2 K) is observed at the beginning of each loading (between [t 1 , t 2 ] and [t 4 , t 5 ]). Then, positive temperature variations (about 1.5 K) were measured during the second loading part. Temperature history in the apex zone is very different for Alloy B (Figure 6b ). Intensities are more pronounced (about -2.5 K to +3.5 K) and no temperature decrease was observed at the beginning of loading. Positive and negative temperature variations appeared, respectively, during the three successive loadings and the two unloadings. In the last test (Alloy B, Fig. 6b 
Strain fields
Modelling
Constitutive equations
As proposed in [13, 14] , the permanence of the simultaneous existence of reversible processes and hysteresis in the thermomechanical behaviour of shape memory alloys suggests to express the total stress as the addition of two partial stresses, the first r being hyperelastic while the second one is related to hysteresis of elastoplastic type [15, 16] . A 1-D In the present work, the partial hyperelastic stress tensor is calculated from the hyperelastic potential proposed by Org as [3, 17] , which leads to the 1-D case (shear test) to the stress-strain curve shown in figure 10a . The potential = (V,Q , ) is expressed as function of 3 invariants of the Almansi strain tensor: the relative variation of volume V, the intensity of the deviatoric deformation Q , and a measure of the angle giving the direction of the deformation tensor in the deviatoric plane. is used to model the non-symmetric tension-compression behaviour, as shown in figure 9b [1-4 ]. The hyperelastic model depends on 8 parameters. K controls the compressibility. The significance of the 7 remaining parameters is shown in figure 10a . Fig. 9 . a) Elastohysteresis model (black line) with the hyperelastic (red line) and hysteresis (blue line) partial stresses; b) function f( ) used to describe the tension-compression asymmetry, where is the phase of the deviatoric deformation.
Therefore, only one test is required to identify these 7 parameters. Parameters Q s , and are functions of , with:
(1) Parameter Q is also taken as a function of . In order to express the independence of the transformation energy on loading type [3] , this function has been chosen so that the product Q s ( )Q ( ) is independent of . The hysteresis is described by an incremental model of hypoelastic type :
found in [13] [14] [15] [16] [17] [18] [19] . Figure 10b shows the meaning of the 2 parameters used in this work. 
Finite element simulations
We use full quadratic quadrangular axisymmetric elements and 9 gauss points for quadrature. The meshes include 16x2 elements for a section of 30x0.36 mm for alloy A and 30x0.11 mm for alloy B in the bulge test. The calculus is controlled by the pressure. The blank is clamped for Y-max (in axisymmetric space). Note that the use of 2 elements in the thickness allows to capture precisely the flexion behaviour. The simulated pressure-apex evolutions for the two alloys, as shown in figures 4a and 4b, are similar to the experimental data, in particular for the loops which shapes are very different for the two alloys. In order to use the simulation, Figure 11 presents 3 simulated sections of the deformed mesh. The comparison of curves A and B highlights the capability of strain recovery for alloy B (3% in this case). In the case of alloy A (0.36 mm thick), we observe a small gradient in the thickness (bending effect). For alloy B (0.11 mm thick), this effect is negligible. 
Conclusions
This paper presents first experimental and modelling work on NiTi bulge tests for superelastic and ferroelastic NiTi alloys. The experimental tests are compared to numerical results obtained using the elastohysteresis model. All the trends are respected globally, and we have found the right evolutions. Simultaneous thermal and 3D kinematical full-field measurements were conducted, and first results are presented. The next step will be to compare in detail these numerical and experimental fields, in particular in relation to the stress-induced martensitic transformation in these alloys.
